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ABSTRACT 
A mathematical computer model has been developed 
for the prediction of the thermal performance of a flat-
plate solar collector used as the generator for an absorp-
tion cycle cooling system. The system employs thermo-
electric cells to power its pump. The exponential re-
lationship between the auxiliary energy and the collector 
area is used to optimize the system. It is predict~d 
that the system will become feasible when the fuel price 
is raised to four times the current value. 
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CHAPTER I 
INTRODUCTION 
CHAPTER I 
INTRODUCTION 
Renewed interest in solar energy has developed since 1970 as a 
result of increasing costs of energy from conventional resources and 
the problems of importing and extracting fuels that are acceptable 
from environmental standpoints. 
Solar air conditioners of several types hav~ been proposed. 
Lof [1] has described a dehumidification system in which the absor-
bent i s r.e generated by so 1 a r heated a i r . In term i t tent a b so r p t i on 
coo 1 ers r.e generated by sol a r ene.rgy have been studied by Wi 11 i ams, 
et.al.[2] and cycles of this type could be applied to space cooling. 
Intermittent cycles which can cool during regeneration, a 
necessary feature for solar air conditioni~g, must have storage ca-
pacities for spent and r.egenerated absorbent, and perhaps also for 
refr~gerant. In principle, compression ref~igeration systems can be 
operated by solar-generated electricity, but these systems appear 
impractical. 
Florida has large solar radiation ins~lation and a lo~g lasting 
summer. Cooling by solar ene_rgy appears desirable. A solar absorp-
tion cooli.ng system was built in the Solar Energy Laboratory at Wis-
consin in 1962 [3]. But this system did not take advantage of us1~9 
solar cells to provide needed electricity to operate the pump. Today 
it is found that the thermoelectric cells will fit the application 
9 
10 
of this kind of system for cooling purposes. 
In this study the design of a absorption cycle using the solar 
collector as a generator with the pump supplied by ther~oelectric 
cells will be inves~igated. A simulation computer program is developed 
for the system which is used to find the useful energy supplied by 
the solar collector and the auxiliary energy needed to supply a 2 
ton cooli~g load under varyi~g environmental conditions. 
The solar collector area of a self-sufficient system is too big 
to be installed on an ordinary house. Different collector areas are 
used in the computer pr~gram to find the rel~tionship between them and 
the auxiliary energy. The curve obtained can be used to predict the 
auxiliary energy needed at any collector area by interpolation. 
Optimum area for the current interest rate, fuel cost and 
collector cost will be considered in the Economic Study section by 
applyi~g the formulation derived by Chang and Minardi [4]. The com-
putation result will enable us to foresee the potential of this solar 
cooli~g system in the future with respect to economic factors. 
System Description 
The principal function of a generator used in the absorption 
cycle is to drive off the ref~igerant (ste~m) from the absorbent 
(Lithium bromide solution) by the heat supplied to it. A solar 
collector is used as ~ generator in this study and thermoel ectric 
cells are set behind the absorbi~g plate to convert the tempe~ature 
difference between the absorbi~g plate and the inlet fluid into 
electricity to drive the pump. A heat exchanger is placed in the 
11 
liquid solution circuit between the generator and absorber. The 
generator and condenser are on the high-pressure side of the system, 
while the evaporator and absorber are on the low-pressure side. The 
whole system is schematically shown in Fig. 1. 
____ /___,Oc (7) Solar call ector 
..--------1JCondenser1--l ___ ,.,._1Generato 
refri 
vapor 
weak 
Strong sol uti on 
( 3) 
solution 
(8) 
(5) 
Fig. 1. Simple absorption refrigeration cycle 
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A computer program 1s presented 1n Appendix(I)to simulate the 
performance of the solar collector in the three wDnthsof June,July and 
August in 1979. An iteration method must be used to find the absorb-
i~g plate temperature before the useful ene.rgy can be calculated. 
To make the system more practical auxiliary energy is needed to 
decrease the collector s1ze. This auxiliary energy 1s calculated 
for the ambient temperature ra~ge from 298 K to 311 K. 
The analysis on the performance of this system wil) be considered 
in three major parts -- the absorption cycle, solar collector and 
thermoe 1 ectri c .ce 11 s. Detailed ca 1 cul at ions for these three major 
components are attached in Appendix (II) - (IV) for the purpose of 
illustrati~g those procedures used to find the collector size in the 
month of June 1979. 
The two major portions of the study that will be discussed are: 
(I) Absorption cycle: The fundamental physical properties of 
binary mixtures will be reviewed in terms of a simple test. The use 
of an h-x ( e nth a 1 p y- con c e n t r a t i on ) d i a gram i s hi g h 1 i g h ted as we 11 . A 
theoretical simple absorption model is established to derive those 
formulas for this cycle. Calculations based upon the absorption 
cycle are shown in Appendix (II). 
(II) Solar collector: Flat plate collectors are analyzed in 
detail as they are bas ·ic to the solar processes of JTX)st interest. 
Equations are developed based upon the work of H.C. Hottel in 1942 
[5]. More environmental factors are considered than those in Hottel's 
study. Calculations for the solar collector are shown in Appendix 
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(III) for the purpose of showing the iteration method used to find 
the collector temperature, and in conjunction with the absorption 
cycle to find the area of the collector. In a later chapter the 
basic heat transfer concepts will be reviewed briefly. Direct energy 
con v e r s i on con s i de rat i on s are re vi e \'/e d by a p p 1 y i .n g a s i mp 1 e mode 1 . 
Applications that are important to solar heati~g are discussed by 
defining some pertinent energy conversion terms. Calculations of 
this device needed to find the maximum efficiency and maximum out-
put are shown in Appendix (IV). 
CHAPTER II 
LITEP~TURE SURVEY 
CHAPTER II 
LITERATURE SURVEY 
There has been less experience with solar cooling than solar 
heating. Several solar heated buildings have been designed, built 
and operated for extended periods, carefully studied, and the results 
published in the last several years. Modeling of cooling systems 
has been accomplished in a manner that does allow the evaluation 
and identification of critical design areas. 
Among all the current studies on solar air conditioning two 
conducted by Chung, et al in 1963 [3] and InterTechnology/Solar Corpora-
tion in 1975 are similar to the system analyzed in this research. 
Their work will be outlined in this chapter for reference purposes. 
The research reported by Chung et al [3] is one of the few 
experiments which have been done on the solar operati·on of continu-
ous LiBr-H20 absorption coolers with flat-plate collectors. In this 
study no auxiliary energy supply was used and no energy storage was 
provided. The cooler was an Arkla machine of nominal 3 ton capacity 
that was designed for steam heating of the generator. External 
modifications were made to the generator to allow solar heated water 
to be supplied. 
InterTechnology/Solar Corporat ion was selected by the U.S. 
Energy Research and Development Administration early in 1975 to 
14 
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design a solar heating and cooling system for the Page-Jackson Ele-
mentary School in Jefferson County, West Virginia [6]. This study 
was mostly concerned with the best load distribution and equipment 
combination for their specific application. According to their re-
search a 28 ton solar absorption system was used. 
(A) A~sorption Cycle 
Two approaches have been taken with regard to the solar opera-
tion of absorption coolers. The first is to use continuous coolers, 
similar in construction and operation to conventional gas or steam 
fired units, and with energy supplied to the generator from the 
solar collector-storage-auxiliary system. The second approach is 
to use intermittent coolers similar in concept to that of commer-
cially manufactured food coolers. 
Experience to date suggests that continuous absorption cycles 
may be adapted for operation from flat-plate collectors. An analy-
tical study of the solar operation of a LiBr-H20 cooler and flat-
plate collector combination has been carried out by Duffie and 
Sheridan in 1965 [7] to identify critical design parameters and to 
assess the effects of operating conditions on integrated solar 
operation. They concluded that the generator design is more cri-
tical here than in fuel-fired coolers because of the coupled perfor-
mance of the collector and cooler. 
Farber et al in 1970 [8] have studi ed a series of solar-operated 
ammonia-water coolers, using flat-plate collectors, without storage. 
Operation was continuous and at varying rates, depending on energy 
16 
supply. 
Intermittent absorption cooling may be an alternative to continu-
ous systems. The limited work to date on these cycles -has been 
largely directed at food preservation rather than comfort cooli~g. 
Swartman and Swaminathanin 1970 [9] have been experimentally 
studyi~g the operation of intermittent NH 3-H2o machines in which 
flat-plate collectors have served as the energy supply. With cool-
ing water available at about 30 C the effective cooli~g per unit 
area of collector surface per day for the experimental machine was 
in the range of 50 to 85 KJ/m2 for clear days. 
The study done by Bosnjakovic in 1965 [10] on absorption cycles 
is used in this paper to establish a simple theoretical absorpti8n 
ref~ige ration system. By applying the derived formulas the perfor-
mance of the refrigeration cycle with a solar collector as an ene!gy 
supply will be analyzed. 
{B) Solar Collectors 
Th~ great ~agnitude of solar insolation on the earth has sti-
mulated a number of attempts at its more effective utilization dur-
ing the past few decades. 
Some flat plate collectors have been built and described. 
Brooksin 1936 [11] has studied several types of natural convection 
solar water heaters in use in California, an~ gives some quantita-
tive data on performance but no correlation with measurements of 
solar intensity. Thus it is seen that previous work on this problem 
has not yielded quantitative relationships for predicting the effects 
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of the many factors which contribute to the overall performance of 
the flat plate collector. 
The analysis presented in this paper follows the basic deriva-
t i on by Hot t e 1 an d yJ hi 11 i e r i n 1 9 58 [ 1 2 ] and B 1 i s s i n 1 9 5 9 [ 1 3 ] . The s e 
are the first studies to analyze the performance of a solar 
collector quantitatively. Current research ·on how to improve the 
sola r collector performance will be outlined in the discussion chapter 
of this paper. 
(C) Thermoelectric Cells 
In the analysis of both the thermoelectric generator and cooler 
the i mpor tance of the materials parameter called the ~igure of merit 
will be de monstrated in Appendix (IV). The equations of performance 
and the plotted results show that even small increases in the f.igure 
of rreri t can produce s.i gni fi cant cha.nges in the thermal efficiency 
and coefficient of performance. But on the other hand we must re-
cognize that the development of ne\v thermoelectric materials to a 
certain extent is still more of an art than a science. 
In 1965 Klem and Dingwall [14] developed a silicon-germanium 
alloy thermocouple for the RCA Company. The .silicon-germanium has 
been used to form hot junction electrodes. The cold ends are conn-
ected to the he~t rejection plate by means of an insulating disc. 
This device is well suited to operate at relatively high temperatures. 
Nowadays many researc~ groups in the world have been conduct-
ing experiments trying to discover the methods and any new material 
that could improve the performance of the thermoelectric cells. 
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The current research shows the promise of compounds Ag2Se, Ag2Te 
and Cu2Te as a basis for obtaining composite alloys with high thermo-
electric properties. After the thermoelectric material has been 
improved satisfactorily a thermoelectric cell possibly can compete 
with conventional cooling systems and also be used as a compact 
generator. 
In the following chapter those formulas derived by Angrist in 
1977 [15] will be used to calculate the electricity output of 
the thermoelectric cells attached behind the absorbing plate by 
e tablishing a thermoelectric generator model. 
(D) Economics 
Optimum area of a solar system is determined at the peak of a 
saving versus collector area curve. The procedures used to find 
this area are often tedious and time consuming. The optimization 
formulation developed by Cha~g and Minardi in 1979 [4] is used in 
this paper because of its simplicity. 
CHAPTER III 
MODELING 
CHAPTER III 
MODEL lNG 
The solar air conditioning system consists of three major compo-
r,ents the absorption cycle, solar collector and thermoelectric 
cells. The performance of each component is interlocked with that 
of the other t\-JO. In other Nards, one cannot find the phys i ca 1 
properties at each state point without knowi~g the performance in-
formation of all the other state points. In this study the physical 
properties at the condenser and evaporator in the absorption cycle 
are assumed to be known (see Appendix II). Based on this informa-
tion and the application of the h-x chart, the total ene!9Y needed 
by the absorption cycle to generate 2 tons of cooli~g under spe-
cific environmental conditions can be found. Obviously this amount 
of energy should be equal to the ene!QY supplied by the solar 
collector. 
For the purpose of better understanding the procedures used in 
this study a flowchart is shown in Fig. 2. In addition to the des.ig-
nated evaporati .ng and condensi.ng ·temperatures, envi.r-onmenta1 vartafiles 
such as ambient temp.erature are substttutea into · the watftemati'cal 
model to find pump work and energy needed by the absorption cycle. 
By applying the thermoelectric cell model, the amount of thermo -
electric cells needed can be found from the known pump work. 
Equivalence between heat supplied by the collector and energy needed 
19 
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Amount of Thermo-
1------t!l----t e 1 ectri c Cells 
f:-----'--~ 
Desired 
Evaporating & 
Condensing 
Tern erature 
Solar Data 
r-----.J 
Input 
Fig. 2. 
Useful Heat 
Needed 
Heat Supplied by 
the Collector 
Flow chart of calculation procedures 
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by the absorption cycle can be used to find the collector area from 
substituting solar data into the solar collector model. 
(A) Introduction 
Models for the three major components used in this system will 
be discussed in the followi~g section. 
Absorption Cycle 
Since the mos~ prevalent types of cooling or dehumidifying 
systems today employ a ref~igerant compressor, the other methods 
used for refr_igeration are not so well known. Of these other 
methods used, the most common is the absorption refr_igeration system, 
developed by Ferdinund Carre in France. In the early years of the 
t we ntieth century absorption refrigeration gained considerable 
prominence, but after 1915 theelectric-motor-driven,fully enclosed 
ammonia compressor was more actively promoted and received wide 
acceptance. Developrrent work was then concentrated on compression 
systems, and absorption systems were practically forgotten, except 
for domestic units, until the late 1930's. For the compression 
system, the ene!gy input is shaft work, which is high-grade and 
very expensive. La_rge amounts of work are required because in 
compression the vapor undergoes a large change in specific volume. 
The principal advant_age of the absorp tion refrigeration cycle 
is that only a small amount of work is needed by the pump which in 
turn is supplied by the thermoelectric cells, but a heat input many 
times g~eater than the work input of the mechanical vapor-compression 
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cycle is required. Wherever heat is sufficiently abundant, the 
absorption cycle will be attractive economically. 
Solar Collector 
The performance of a solar collector is described by an energy 
balance that indicates the distribution of incident solar energy 
into useful energy gain and various losses. The energy balance 
on the whole collector can be written as [15] 
( 1 ) 
The detailed analysis of a solar collector is a very complicated 
problem. Fortunately, a relatively simple analysis will yield very 
useful results. These results will show the important variables, 
how they are related, and how they affect the performance of a solar 
collector. 
Thermoelectric Cells 
A temperature difference existing between the absorbing plate 
. . 
and inlet working fluid makes the application of the thermoelectric 
semiconductors as an electrical power source possible. One other 
advan~age of usi~g the thermoelectric semiconductors is because of 
its low thermal conductance which can be used as·insulation to pre-
vent heat diss i pat1on from the absorption plate. In the absorption 
cycle section. the power needed to drive the. compression pump is very 
small, which makes the application of solar cells practical and 
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reason a b 1 e . The c a 1 c u 1 at i on used to f i n d the a roo u n t of so 1 a r c e 11 s 
needed is in Appendix (IV). 
The first person to notice the deflection of a magnetic needle 
when held near a circuit made of two different conductors was Thomas 
Johann Seebeck. 
and is defined as 
Today his observation is called the Seebeck Effect 
dVA,B -
dT - aA - aB. 
Thirteen years after Seebeck reported his discovery a French 
watchmaker, Jean Charles Athanase Peltier, discovered that the pass-
~ge of a current thr~ugh a junction formed of two different conduc-
tors caused absorption or liberation of heat. Today his observation 
is known as Peltier Effect which is defined as nT(p) = ~£f + 2KT) 
, . 5 
for p-type material and n ( )= - -[(s - sf)+(-2 - S)KT] for n-type T n e . g 
material. Like Seebeck, Peltier failed to explain his observation 
correctly. 
Lord Kelvin (William Thomson) realized that a relation between 
the Seebeck and Peltier effects should exist, and proceeded to de-
rive this relation from thermodynamic ~rguments. The reasoni~g that 
he used led him to conclude that there must be a third thermo-
electric effect, the Thomson Effect, which is defined as 
1r p'= - v0/~T + 2K/e for the p-type material. 
The basic theory of thermoelectric generators and refr_igerators 
was derived in 1901 and 1911 by Alfendirch. His work 
indicated that for both applications materials were needed with high 
Seebeck coefficients, ~igh electricaJ conductivities to minimize 
Joule heati~g, and low thermal conductivities to reduce heat transfer 
24 
through the devices. Though Alfenkirch enumerated the desirable 
properties for materials to be used in thermoelectric devices, 50 
years passed before those materials became known and widely avail-
able. Shortly after semiconductors initiated the technological 
revolution of the 1950's thermoelectricity was, in a sense, re-
discovered in the old physics texts and put to use in a number of 
ways. 
The structure of the collector and the location of the thermo-
electric cells are shown in Fig. 3. 
(B) Simulation ·Model 
The analysis can · be broken down into three parts which are dis- · 
cussed as follows: 
Absorption Cycle 
The fund ame ntal characteristics of binary mixtures will be in-
troduced in this section. In a hom.ogeneous binary mixture, the 
quantitative composition is described in t erms of the concentration 
x which is the mass of one arbitrary constituent divided by th~ mass 
of the mixture. Knowledge of p, t and x enables us to establish 
the thermodynamic state of the mixture. 
The h-x (enthalpy-concentration) di~gram for a homogeneous 
binary mixture is shown in Appendix (VIII). Thus, binary mixtures, 
as contrasted with ·pure substances, do not have a si~gle boili~g 
temperature or condensi~g temperature for ~ given pressure. Hence 
sorre assumptions must be made to simplify the derivation process. 
It is assumed that the · absorbe.n t does not vaporize in the 
2nd 
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lst Glass 
Solar Cells 
----=-'-H-::-- Working Fl u i d 
Fig. 3. Structure of solar collector 
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generator. Thus,only pure ref~igerant flows thro~gh the condenser 
and evaporator, and these two components may be identical to those 
used in a mechanical vapor-compression system. The vapor leaving 
the evaporator is mixed with a weak liquid solution in the absorber. 
Then by the removal of heat the refrigerant vapor could be absorbed 
by the weak liquid, producing a liquid solution .stro_ngerin the refri-
gerant. The pressure of the liquid solution is then raised to the 
generator pressure by the pump. By the addition of heat in the 
generator, which is the flat-plate solar collector in the system 
used in this research to absorb the solar energy, refrigerant va-
por is driven out of the liquid solution. A heat exchanger is 
p1aced 1n the liquid solution circuit between the generator and 
absorber. The generator and condenser are on the high-pressure 
side of the system, while the evaporator and absorber are on the 
1 ow- pres sure s i de • 
The Bosnjakovic 1 s method [10] was used to establish the maxi-
mum attainable C.O.P. for an absorption system. If the pump work 
W i s a s s u me d n_e g 1 _i g i b 1 e , then p 
(2) 
and for a completely reversible system 
(C.O.P.) 
max 
.(3} 
Equation (3) shows the maximum attainable coefficient of 
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performance for an absorption system lS equal to the coefficient 
of performance for a Carnot refrigerating cycle working between 
the temperatures,TE and T0 , multiplied by the efficiency of a Car-
not e~gine worki~g between the temperatures, TG and r0. Equa-
tion (3) also shows that for a given environmental temperature , r0, 
the C.O.P. will increase with an increase of the generator heating 
medium temperature, TG, and with an increase of temperature of the 
refrigerated region ,TE. In practice, however, ·the C.O.P. is much 
less than that given by Eq. (3). 
Solar Collector 
To establish a model for the solar collector, a nu~ber of simpli-
fying assumptions were made without obscuri _ng the basic physical 
situation. These important assumptions are: 
1. Performance is steady-state. 
2 • . There is no absorption of solar energy by covers 
insofar as .it affects losses from the collector. 
3. There is one-dimensional heat flow through the covers. 
4. There is a negligible temperature drop through the covers. 
5. There is a one-dimensional heat flow through back-
insulation. 
6. The sky can be considered as a blackbody for long- . 
wavelength radiation of an equivalent sky tempera-
ture. 
7. Properties are independent of temperature. 
8. Loss through front and back are to the same ambient 
temperature. 
9. Dust and dirt on the collector are negligible. 
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1 0 . Shad i _n g of the co 1 l ector · a b so r b i n g p 1 ate i s n e g 1 i g i b 1 e . 
As mentioned before, the heat needed by the absorption cycle 
should be equal to the heat absorbed by the solar collector, i.e. 
the useful energy gain of the collector. 
By followi~g the study done by Duffie and Beckman [16] the 
following equations are used for determini~g the useful energy gain 
by a flat-plate solar collector. 
(4) 
where 
GC ( Tf - Tf . ) F := p ,o ,1 
R [S - UL(Tf . - T )] 
,1 a 
The useful ene_rgy gain is calculated as a function of the inlet 
fiuid temperature. However, it must be realized that losses based 
on the inlet temperature are very small since losses occur all alo_ng 
the collector and the fluid has an ever increasi~g temperature 1n 
the fl o \-J d i recti on . The e f f e c t o f the m u 1 t i p 1 i e r , F R , i s to re-
duce the calculated useful energy ga1n from what it would have had 
if the whole collector had been at Tf,i to what it actually is 
usi~g a fluid that increases in temperature as it flows through the 
collector. As the mass flow rate thr~ugh the collector increases, 
the temperature rise through the collector decreases. If the flow 
rate becomes very large, the temperature rise from inlet to outlet 
decreases toward zero but the temperature of the absorbing surface 
29 
will still be higher than the fluid temperature. This temperature 
difference is accounted for by the collector efficiency factor, F'. 
Thermoelectric Cells 
To obtai n an an a l y s i s that h. i g h 1. i g h t s the phenomena t a k i .n g p 1 ace 
in a thermoelectric. generator it is necessary to make certain .sim-
plifying assumptions. Our analysis Nill be based on the model 
illustrated in Fig. 4. It consists of two semiconductor elements, 
one of which is a p-type material and the other an n-type material. 
The followi .ng assumptions have been made: 
(1) The generator works between the two temperatures T~ and 
Tc which are the actual temperatures at the junctions between the 
active semiconducting materials and the straps at reservoirs to 
which they are connected. 
(2) There is no heat transfer between the reservoirs at TH 
and Tc except through the thermoelectric elements with no lateral 
heat transfer from the arms of the device. 
(3) The junction electrical contact resistance is negligible 
compared with the bulk resistance of the arms. 
(4) The arms are of constant cross-sectional area. 
(5) The electrical resistivity p, the thermal conductivity 
A', and the Seebeck coefficient, a, of the material are indepen-
dent of temperature. 
(6) Thermal contact resistance between the source and connect-
i.ng bus bar bet\veen the p- and n-type elements can be made small 
30 
Thermal source at TH 
J ..__. - - 1- --{ 
p 8 
n 
Fig. 4 The model of the thermoelectric 
genera tor 
The rma 1 
sink at 
Tc 
Source: Angrist, S.W. Direct Energy Conversion, 3rd ed. 
(Boston: Allyn and Bacon, 1976): p. 129-160. 
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while providi~g good electrical insulation. A similar assumption 
holds for the sink. 
Assumption number (5) is probably the weakest one in the list. 
Vlhile convenient for making calculations, it can sometimes lead to 
s.ignificant errors in predicting results. 
After introducing the grouping of properties called the figure 
of merit, Z* , can be derived. It is given as the maximum thermal 
efficiency, which is: 
where 
(M' 
opt 
M I = ( 1 + Z*T ) ~ 
opt av 
(5) 
(6) 
(7) 
The efficiency of a generator operati~g at a maximum power is 
derived in the same fashion by using 
L1T 
TH 
32 
nt(mp) = ------
( 4 )+ 2 _ 1 r L1 T) Z*T ~T H H 
(8) 
In des_igning a_ generator for maximum pov;er output one tries to 
attain the given power with minimum volume, minimum w~ight, or mini-
mum thermoelectric material. To obtain these objectives it is 
necessary to maximize the po \·ler output per unit of tota1 cross-
p 
sectional area, _Q_ , where it is defined as 
A tot 
p o = --~( a_6_T-L.)_2 ___ _ 
~ p p . 
tot 4£[(An) + (jf-)J[An +A] 
n P P 
(9) 
and Atot = An + Ap. It is assumed that the lengths 
of the n- and p-type e 1 ements are the same. Tak i_n g the deri va ti ve 
Of the denominator with respect to 
maximizes Eq. (9) is: 
(A /A ) , the area ratio that 
n p 
( 10) 
33 
Economics 
The derivation done by Chang and Minardi in 1979 [4] is applied 
in this paper. Accordi~g to their study the exponential relation 
between and A c can be used in finding the optimum area. 
For simplicity the tax benefits, othe~ governmental advantages, and 
inflation rate have been n~glected, because of their unpredictability. 
The formula to find the optimum area is: 
where 
Q Ln( auxl ) 
Qaux2 A.= ----
A2 - A1 
and Y 
( 11 ) 
( 12) 
( 13) 
( 14) . 
The sa vi .n g t o cost rat i o , -y, i n d i cates e con om i c f e as i b i 1 i ty of a 
solar system if its value is equal to or bigger than one. A solar 
system is not feasible when its y value is less than one, since 
34 
this will cause a n~gative optimum area which is physically im-
possible. 
Annual operati~g cost, $, is found by applying the following 
equation: 
$ = (C A + C A + C A)I + Q Cf + M c sc sc y aux (15) 
where 
1 ~ i(l + i)n 
[(1 + i)n - 1] 
(16) 
As i 11 us t rated i n Chap te r I I a s i mu 1 at i on compute r p r_o gram i s 
compiled to supply the data needed by the economic study to predict 
the financial potential of this system. Any two sets of computer 
data at the same ambient temperature and different collector areas 
can be substituted into the above two equations to find A0 p and 
~. Because an exponential relation exists between auxiliary ene!9Y 
and collector area, obviously this relation could be used to test 
the accuracy of the s imul a ti on pr_ogram. By in terpo 1 at ion the opti-
mum combination of auxiliary ene_rgy and collector area would be 
found for any ave~age ambient temperature. 
CHAPTER IV 
RESULTS AND DISCUSSION 
CHAPTER IV 
RESULTS AND DISCUSSION 
In the previous sections, a computer simulation for a solar 
flat plate absorption air-conditioning unit has been described. 
This program allows the calculation of useful energy from the sys-
tem based on collector area, wind speed and ambient temperature. 
Detailed calculations based on this mathematical model are given 
in Appendices (II)through(IV). Pertinent computer results are 
summarized in Table 1 and Fig. Sa to 5c. Fig. 5a-5c illustrates 
the relationship between the ave~age ambient temperature and the 
auxiliary ene_rgy for selected collector areas. One may see that 
the auxiliary ene_rgy is inversely proportional to the _runbient tem~e·· · 
rature.As the temperature 1ncreases, the auxiliary energy decreases 
for all collector areas. 
This result is reasonable since for a given load at higher 
temperatures, the amount of useful energy will increase as the 
auxiliary energy decreases. Fig. 5 also shows that the auxiliary 
en~rgy is not proportional to collector ar~a. In fact it can be 
verifted easily that the auxiliary energy decays exponentially as 
the area increases. This behavior is in agreement with the results 
found by Cha~g and Minardi [4]. 
Table 1 shows the annual 90 day operational results based on an 
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Auxiliary Energy (W) 
8100 
7800 
7500 
7200 
6900 
6600 
6300 ~--------~--~~~~----~--~--
298 300 302 304 306 308 31 0 Ambient 
Temperature K 
Fig. 5(a) Auxiliary energy versus ambient 
t~mperature for June 1979 
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Auxiliary Energy (W) 
8000 
7700 
7400 
7100 
6800 
6500 
6200 
5900 
5600~--~----~--~----~--~~--~-------
298 300 302 304 306 308 310 Ambient 
Temperature K 
Fig. 5(b) Auxiliary energy versus ambient 
temperature for July 1979 
Auxiliary Energy (W) 
7800 I 
7400 
7000 
6600 
6200 
5800 
39 
5400 29~8--~3~0~0----30~2----30-4----30--6----30~8--A-m_b_i-ent 
T.empera ture k 
Fig. 5(c) Auxiliary energy versus ambient 
temperature for August 1979 
40 
assumed ave~age solar insolation of 370.5 w;m2 and an ave~age am-
bient temperature of 27.2 C for three different collector areas. 
Substituting cc = 65$/m2, cf = 1.1 X 10-5$/KJ, i = 0.09, 
n ~ 20, M ~ 0, and Cy = b ~ 0 into Eqs. 12 through 14, the economic 
feasibility factor, y, was found to be 0.278. Since y < 1 the 
system is not feasible. In other words, over the life cycle, the 
unit will cost more money than the ene_rgy saved. Hovvever, under 
different economic conditions the system may become e~onomically 
worthwhile. There are two reasonable ways in which the economics 
of the system can be improved. One way is to improve the perfor-
mance of the system and thus increase the useful en~rgy for the sam~ 
collector area. An increase in fuel cost will also increase y. 
The second possibility is most likely considering todayts rapidly 
increasing fuel costs. Based on the above data, the system will be-
come feasible \)'hen the fuel price becomes la.rger than $0.12/Kwh ... 
For example \vhen the price becomes $0.2/Kwh , the optimum collector 
area \vould be 70m2 and the correspondent annual operational cost would 
then be $2300. 
The collector area is large. But a l~rge size is anticipated 
for coo 1 i .n g 1 o a d s i n Fl or i d a . A s i m i 1 a r study by Chung i n VJ i s con -
sin [3] found an optimum collector area which is 30% smaller. This 
result is in reasonable .agreement vJhen the different weather condi-
tions are counted for. Hisconsin has a much milder summer climate 
and therefore a sma 1 1 e r coo 1 i ng 1 oad requirement than Florida. 
2 . 
From Table 1, it can be observed that · a solar cell of 87 em lS 
able to provide enough electricity to completely operate the pump 
41 
(17 Kwh). The small energy requirement for the pump makes the use of 
the solar thermoelectric cells unjustified, considering the fact that 
the cells are not commercially available. The situation may be differ-
ent in the future when the cells are economically and widely used. 
Under those coriditions, the output of the cells can also be used to 
supply other utility uses in addition to the pump. 
CHAPTER V 
CONCLUSION AND RECOMMENDATIONS 
CHAPTER V 
CONCLUSION AND RECOMMENDATIONS 
1. A computer model for describi~g the performance of a solar flat-
plate absorption cycle cooli~g system has been developed. 
2. The system is found to be unfeasible for the current fuel cost. 
3. The system will become feasible when the fuel price becomes 
larger than 0.12$/Kwh . 
4. When the fuel _price becomes 0.2$/Kwh , the optimum collector 
area will be 70 m2 with a correspondi~g annual operation cost of 
$ 2300. 
5. The use of thermoelectric cells is unjustified due to the small 
pump work and economic considerations. 
6. The results are in reasonable agreement with similar work dane 
by Chu_ng. 
7. The model can be used to do parametric studies on solar input, 
ambient temperature, wind speed, and house insulation. Future studies 
are recommended. 
8. Since the computer pr_ogram can only handle the steady state, 
future work is needed to ~pgrade the program so that the transient 
state can be studied. 
42. 
Appendix I : 
Appendix I I: 
Appendix I I I: 
Appendix IV: 
A.ppendix V: 
Appendix VI: 
Appendix VII: 
Appendix VIII: 
Appendix IX: 
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APPENDICES 
The Computer Print-out 
Calculation of Absorption Cycle 
Calculation of Solar Collector 
Calculation of the Power Generated 
by Thermoelectric Cells 
Collector Efficiency Factors 
The Meteorological Data 
Mean Solar Radiation for Orlando, 
Florida 
The h-x Chart of Lithium-Brom ·de 
Water Solution 
The Thermoelectric Properties of 
Semi c.onductors 
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APPENDIX (II) 
Calculation of Absorption Cycle 
A computer p~ogram compiled to simulate the solar collector 
performance is shown in Appendix (I). For the purpose of showi~g 
the applications of those formulas derived in Chapter (III), an example 
calculation is demonstrated in this section. For the purpose of 
conven1ence ~ig. 1 is reproduced here. 
Solar collector (7} 
---·- --- l_o ndense rl,_ - ---"4"4---;Generato 1 
refri 
Strong sol uti on 
vapor j j 
QG(=QL)~4  
we ak 
solution 
-~---! 
( 3) 
(8) 
( 5) 
. ) . ( 2) 
(6 -o t--1 -~Evaporatot}-- ~--[Absorbea (l)~ 
Exp valve L (lO) fr w~ 
I QE QA p 
The to 11 owi_ng data are assumed to be known for a 1 i thi urn bra-
mide-water system: 
condensing temperature = 120°f 
evaporating temperature = 40°F 
temperature of strong solution leaving absorber= 77°F 
65 
temperature of strong solution entering generator= 150°f = 65.56°C 
generator temperature = l62.6°F = 72.56°C 
,i\ssume saturated conditions for states 3, 4, 8 and 10. Neglect the 
pres sure drop in components and lines. Assume a system capacity of 
2 to ns of refrigeration. De te,~m ine the 
(a) Then:odyn a.1nic properties p, t, x, o.nd h for a11 · 
necessary state-points of system. 
( b ) r r~ a s s r a te 0 f fl 0 w i n l b p e r m i n u te f 0 r each p a.r t 
of the system. 
(c) System coefficient of performance. 
(d) System refrigerating efficiency. 
By re f -r ring to the h-x chart in Appendix (VIII) the following 
s ta te . prope rti es are de t ermined: 
T,· .BLE I I 
THE RMODYNP~ t!. I CS PROPE RTIES AN D FLOW RATE S OF TH OSE STATE POINTS 
ABSORPTION CYCLE 
St ate Pressure Concentration l Flow Rate -Temperature Enthalpy 
Po i nt p OF 1 bl i 8 r j l bmi x Btu/1bmix 11 bmi x/ (min)( ton) 
nmHg 
~ ~-
l 6.3 77 0.515 4.476 
2 49.22 0.515 I 4.476 
3 49. 22 150 0.515 
-42 4.476 
!-- - - - -
162.6 0.565 I 
-41 4.08 4 49.22 
s 49.22 0.565 4.08 
6 6.3 0.565 4.08 -
----
7 49.22 162.6 0.00 1132 0.396 
8 49.22 102 0.00 68 0.396 
9 6.3 40 0.00 6R 0.396· 
10 6.3 40 0.00 1079 0.396 
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For the evaporator, the ma ss flow rate is 
2 X 200 
::: ~ 
1079 - 68 0.396 lb/min 
For the absorbe r, the rr.as s flow rate is 
0 ~ 96 0.515 = 
.J (0.565 - 0.515) 4.08 lb/min 
The mas s flow rate le aving the pump is 
M1 = M6 + M10 = 4.08 + 0.396 = 4.476 .1b/min 
For the generator, the heat available is 
= 468 .98 Btu/min= 8244 .7W 
Pump ~·Jo rk 
~ 2.032kg = 
60 sec 0.034 kg/sec 
The superheated ~ater vapo r at state (10) is absorbe d by a weak solu-
tion at state (6) in the absorbe r; an d in tu rn th is fluid mix ture is 
handle d by the pump. 
The incompres sible work of the fluid 1s: 
W = ~pv = (49.22-6.3)xO.Ol93 x 144 x 0.016 = 4_76 x 10-3Btu/LbLiBr. XJ 0.515 X 778 
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at p1 = 6.3 mmHg = 0.121 psia, the specific volume, vf is 
0.01602 ft 3/Lbm 
Pz = 49. 22 mmHg = 0.95 psia, the specific volume, vf is 
0.01613 ft 3/Lbm 
The specific volume of tne Li-Bromide water mixture is 0.016 
ft 3/lbm. Since the pump work is v~ry small it could 5e ne-
glected. By neglecting the pump work, the C.O.P. (coefficient 
of performance) is: 
C.O.P. qE 2 X 200 = -- = = 0.853 qG 468.98 
The energy needed by the generator, QG' should be equal 
to the energy supplied by the solar collector, In this Q • u 
system the solar collector is used as the generator to eva-
porate the working fluid (steam) from the lithium bromide liquid. 
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Fig. 6 H-x diagram for absorption cycle 
APPENDIX (lll} 
Calculation of Solar Collector Performance 
Accordi.ng to reference [16], the solar collector in Orlando 
must be oriented toward the equator and tilted 15° for summer a1r con-
d i t i on i .n g . I t i s as s u me d that the month 1 y ave rage of tot a 1 
i n t.e grated d a i 1 y i n so 1 at i on on h or i z on ta 1 surface s i s the sa me v a 1 u e 
as the insolation at the mid day of the month. Also, from the 
sarre reference in the month of June the d~cl ination a.ngle is 
o = 23° and the latitude is ¢ = 28.4°N. It is found that the aver-
.age day le.ngth in this particular month is 13.8hr. Before the per-
formance of the solar collector is calculated, the fo1lowing data 
from reference [5] and Appendix (VII) must be known: 
plate to cover spacing 
plate emittance 
glass emittance 
ambient air and sky temperature 
wind speed 
back insulation thickness 
insulation conductivity 
the collector tilt 
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1 inch 
0.95 
0.96 
8l°F = 27.2°C (June} 
10.71 ft/sec = 3.26 m/sec 
5.5 in (from reference [5]) 
0.051 Btu/°F ~ ft - hr 
~ 0.088 W/m2 - C (from 
reference [5]) 
15° 
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The solar insolation is 
S = 1623 Btu/ft2-day ~ 1623 Btu = 117 .6 Btu ~ 370.5 w;m2 
13.8 ft2-hr ft2-hr 
The wind speed is 
. 2 
hw = 5.7 + 3.8 XV= 5.7 + 3.8 X 3.26 = 18.1 W/m C 
The formula for f is given as: 
f = (1 .0-0.04hw + 5.0 x l0-4hw2)(1 + 0.058N) 
= (1 .0-0.04 X 18.1 + 5.0 X 10-4 X 18.1 2)(1 + 0.058 X 2) 
= 0.491 
The top loss coefficient is 
U =( N 
t 344 [ T p - T a] 0. 31 
Tp N + f 
+ 1 ) -1 
hw + 
o(T + T )(T 2 + T 2) p a p a 
[sp + 0.0425N(l - s )J-l + [ 2N + f- 1] _ N 
p £9 
5.67 X 10-8 X (355.34 + 300.36)(355.342 + 300.362) _ 
-1 
[0.95 + 0.0425 X 2 X {1-0.95)] + [ 2 X 20~9~· 491 - 1]-2 
- 2 
- 4.17 W/m C. 
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From reference [5], the insulation consisted of an ai~ gap and 
4" glass wool and 1 ~·· of mineral wool. The total therMal conductivity is 
K = -0.051 Btu/F ft 2hr = 0.088 W/~2 C. The thickness of the whole 
insulation is 5.5" x 2.5 = 0.14m. 
The bottom loss is found as: 
U = __ 1 = K 0.088 = O 63 W/ 2 oc b · L 0 14 · m -Rl . 
For the collector with 15° tilt 
Ut(l5°) 
Ut(450) = 1 - (15 - 45)(0.00259 0.00144Ep) 
~ 1 - (-30)(1.22 X 10-3) = 1.037 
Finally, the overall loss coefficient, UL' is found by addi~g to-
gether the top and bottom coefficients: 
The edge losses for l~rge collectors are always negligible. Now 
the iteration method is used in Section 3-5 to find the mean plate 
temperature. 
The first guess we make is T = l80F (82.2 C). p 
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For the upper surface of heated plates or the lower surface 
of cooled horizontal plates the Nuf is given by [17] 
1 C = 0.54; M =-4 
l 
M 74 Nuf = C(GrfPrf) = 0.54 x (2 x 10) = 36.1 
The thermal conductivity of water at the average temperature 
of state (3) and state (7) is 0.617 W/m2- C. The heat transfer 
coefficient is than calculated as 
NuK h = - = 0.617 X 36.1 
X 
The top loss coefficient is 
= 22.27 w;m2- C 
l = (-h ___ l~-- + l 
+ h h + h . p-c1 r,p-c1 c1-c2 r,c1-c2 
1 
----,-------- ) h + h 
w r,c2-s 
+ 
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In the space between two cover plates, the r~diation is always 
much larger than the conduction term, so we n.eg1ect the 
From reference [16] : 
= 
term. 
Now from the en~rgy balance between the two cover glasses and 
the abso rber plate, it is noticed that the energy from plate to cover 
1 is the same as the energy from the plate to the surroundings and is also 
the same .as plate to cover 2. So there are two equations and two unknowns. 
From plate to cover 1: 
U (T T ) = (h + h )(T - T } t p - a p-c1 r,p-c1 p c1 
( 16) 
Ut(Tp - Ta) = (h . + h )(T - T ) p-c2 r,p-c2 p c2 
( 17) 
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After those known values, and the Ut value from the last 
i te ration step have been substituted into the above equations-, the 
Equations 16 and 17 become 
3.795(82.2 - 27.22) = (hp-cl + h )(355.34 r,p-c1 
( 18) 
3.795{82.2 - 27.22) = (h + h )(355.34- T ) p-c2 r,p-c2 c2 
( 19) 
Now it is assumed that the temperature of cover glass 1 is 
84°C. The heat transfer coefficients are 
h 8.33 
r , p- c1 
h = 0.96 X 5.67 X 10-8 X (T 2 + 300.362)(T + 300.36) 
r,c2-S c2 c2 
h 
r,p-c2 
5. 67 x 10-8(355.34 2 + T 2)(355.34 + T ) 
c2 c2 
= ------------~2-.0~8~3~-~1~------------
from Eq. (4-11,3a): 
For horizontal planes and 104 < Gr < 107 the Nu number can 
be conveniently expressed in dimensional form as: . 
h lO,p-c1 
~10.281 
= 1.613 ~0.517 (84 - 82. 2)
0
·
281 2 
= 1.613 = 1.64 W/m C (2.54)0.1 57 
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from Eq. (4, 11, 7) of reference [15]: 
h ~ [1 - 0.0018(T- 10)] X 1.64 = 1.424 p~cl 
6T0.281 (355.34 - T2)0.281 
h10 = 1.613 () 0 . 157 = 1.613 ---~~--
,p-c2 ~ (2.54)0.157 
3.55.34 + T2 (355.34 - T2)0.28l 
= [1 - 0.0018( 2 - 10)] X 1.613 -----;:::----=-=------(2.54)0.157 
then from Eqs. (18) and (19), 
(hp-c + hr p-c )(355.34 - T )=(h + h )(355.34 - T ) 1 ' 1 cl p-c2 r ,p-c2 c2 
(0.7 + 8.33)(355.34- 357.14) = 16.25 ! (355.34 - T2)0 · 281 = 1.613 X O 15 (2.54). 7 
355.34 + T 
X [1 - 0.0018( 2 c2 - 10)] 
5.67 x 10-8(355.342 + T 2) (355.34 + T ) 
2.083- 1 c2 c2 I x f355.34- TcJ 
Corresponding to every mean plate temperature there are two 
cover plate temperatures, T and T . After the first cover plate 
c1 c2 
temperature is assumed, one can use the above equation to find the 
second cover plate temperature, T . 
C2 
solved by a trial and error method. 
Then the above equation is 
It is found that T = 76.86 C. 
c2 
At T = 76.86 c, 
.C2 
76 
hr c -$ ~ 0.96 X 5.67 X 10-S X 212716.13 X 650.36 ~ 7.53 W/m2C 
. ~ 2 
By applyi~g Eq. (7.4.7) of reference [16]: 
1 
= 6.71 
1 
+ h + h 
w r,c-S 
-1 
) . 1 1 
= (o.7 + a.33 + 18.1 + 7.53) 
After this new top loss coefficient has been found, it is 
substituted back into Eqs. (16) and (17) to find the new cover plate 
temperatures. From Eq. ( 16), 
and 
and 
6.71(355.34 - 300.36) = (0.7 + 8.33)(355.34 - T ) c, 
368
·
92 + 355.34 = 41.36 c 9.03 
From Eq. (17), 
6.71(355.34- 300.36) = (0.85 + 9.186) X (355.34- T ) c2 
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T = - 368 ·92 + 355.34 = 45.42 c c2 10.03 
From Appendix (V), ~ig. (e) is the system adopted in this re-
search: 
5.67 x 10-8(355.342 + 300.362)(355.34 + 300.36) = 7.25 W/m2C 1 1 
0.95 + 0.95 - 1 
The collector efficiency factor is: 
F' 1 1 = 0.79; = = UL 
1 + 
. j. 34 
1 + 
hl + L+L 1 22.27 + 1 + _1_ h2 hr 22.27 7.25 
The heat remova 1 factor is: 
GC -[~~ F'] 
F = J (1 - e P ) 
R UL 
~34 X 0.79 J 
0.03 3 
- 176 X 39.52 X 10
3 
176 X 39.52 X 10 (1 - e = 7.34 ) 
= 0.918(1 - e-0·861 ) 
= 0.53 
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The useful ene_rgy collected by the solar collector is 
Q should be equal to the energy needed by the absorp-
u 
tion cycle t~ generate 2 tons of ref~igeration, ·where QG is 8300 W. 
8300 = AC x FR[S- UL(Tfi - Ta)J 
GC ULF' 
= AC x ~ (1 - e -[GCP ]) x [S ~ UL(Tfi - Ta)] 
0.03 XC X 103 -[7.34 X 0.79 ] . 
Ac P · 0·03 x c x 103 
= Ac X 7_34 (1 - e Ac p )[370.5 
7.34(65.56 - 27.22)] . ( 16) 
The energy balance is 
T - T . C,O C,l 
(17) 
8300 = T - T · 0.03 X Cp X 1000 C,O C,l 
By solving Eq. (17) the C is obtained as 
. ' p 
79 
c ~ 8300 
p 0.03 X 1000 x 7 = 39 · 52 KJ(Kg C 
Substituting C into Eq. (16) the collecter area is calculated p 
as: 
8300 = AC X 
0 03 3 7. 34 -x 0. 79 
----A·. X 39.52 .X 10 
C 0.03 X 39.52 X 103 ) X 
7.34 (l - e Ac 
[ 3 7 0 . 5 - 7 . 3 4 (. 6 5 . 56 ·- 21 . 2 2 )J 
0.8604 2 
Ac = 4.89 x ~ = 176 m 
The mean fluid temperature is 
8300 
= 65.56 + 175 [1 - 0.53] 
4.95 X 0.53 0.79 
= 71.5 c 
The mean plate temperature is: 
1 1 T = T + Q R = 71.5 + 8300 X 22.27 X 175 = 73.63 c p,m f,m u p-f 
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The useful energy, Qu' is the energy that this solar 
collector can supply and it is needed by the whole system to 
generate 2 tons of cooling in an ordinary residential house in 
Florida. 
The difference between this new mean plate temperature 
and the first guess mean plate temperature is 8.57 C and the 
difference between the new ut and the first ut is 2.54 so 
that the calculated mean plate temperature is very close to the 
exact value. If the exact Tp value is needed, the above 
procedures must be repeated until the calculated Tp is equal 
to the last one. The iteration is performed by computer and 
the results are shown in Appendix (I) for the months of June, 
July, and August of 1979. 
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APPENDIX IV 
Calculation of the Power Generated by Thermoelectric Cells 
Those cells, located _ at the inlet part of the solar panel, 
operate between 82.2 C and 65.56 C. 
From Appendix (IX) at the mean temperature of th~ generator, 
73.88 C (346.88 K), then- and p-type materials with t~e h_ighest 
figures of merit are: 
n-type 
75% Bi 2Te 3 
lal 175 x 10-6 
-3 p 1.1 X 10 
Z 2.2 X 10-3 
p-type 
25~~ Bi 2Te3 
210 X 10-6 
-3 1 . 2 X 1 0 
3.1 X 10-3 
Equation 4-46 of reference [ 15] expresses the f_i gure of merit for a 
combination of materials that make up a couple. The figure of merit 
for a single material is generally defined as 
Using this definition to obtain the thermal conductivity for the two 
materials 
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6 2 
A "'--;. "' (175 X lO- ) "'0.013 _W_ 
n n n 1.1 x 10~ 3 x 2.2 x 10-3 em C 
, ,. an
2 
"' (210 x 10-6)
2 
W 1\p -p-z.-- 3 3 = 0.012 --p p 1.2 X 10- X 3.1 X 10- em C 
The optimal figure of merit \'·lith respect to_ geometry adjustments 
for the combination of materials is found from Eq. 4-46 of refer-
ence [15] as 
2 
((175 + 210) X 10-6] 
((1.1 X 10~ 3 X 0.013)~ + (1 .2 X 10-3 X 0.012)~] 2 
= 
-7 1.482 X 10 
-5 5.74 X 10 
The ratio of areas to lengths is found from Eq. 4-44 of reference 
[15] to be: 
Y P A ~ 1 1 - 3 0 01 k 
n - [~] = [ . X 10-3 X • 12 = 0.92 
Yp PpAn 1.2 X 10 X 0.013J 
A further assumption is made. The ratio of the area of the n-type 
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element to its length is 1 em and the length of each element 
is 
An 
Yn ;::::; -1 ~ lcm 
n 
and thus 
Yp = 0 :92 = 1.087cm 
The thermal conductance from Eq. 4-36 [14] is 
K =A y +A y = (0.013 x 1) + (0.012 x 1~087)=0.026 W/C n n p p 
and the internal electrical resistance may be calculated from Eq. 
4-37 [14] as 
The optimum resistance ratio is found from Eq. 4-48 [14] as 
m = (1 + Z*T )~ ~ (1 + 2.582 X 10-3 X 346.88)~ ~ 1 .377 
opt av 
and thus the external resistance is 
Ro • = 
m' opt ;:; 1 . 377 = ------~3 , R0 2.204 X 10 
-3 3.035 x 10 n 
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The open circuit voltage is simply the Seebeck coefficient for 
both loegs combined tirres the temperature difference across the loegs, 
V
0
c ~ abT = [(175 + 210) X 10-6] X 16.64 = 6.41 X 10-3 Volts 
and the optimum current may be found from Eq. 4~39 [14] as 
ahT 0 6."41 ° ~ 0 10-~ 0 Iopt :::; ---- = __ 
0 
____ -.::;:"3----- = 1.22 Amp. R(m'opt+l) 2.204 x 10 (1.377 + 1) 
2 ( )2 -3 -3 P
0 
=I R0 = 1.22 . x 3.035 x 10 = 4.52 x 10 W 
The power d~nsity is found by computing the total cross-sectional 
area of the semiconducting material. It was assumed earlier that 
y :::; lcm and the length of both elements. is lcm. Thus 
n 
A = 1 
n 
2 
em 
and from the calculated value for the p-type element of yp=l .027cm 
then 
A ::: 1.087 em p 
2 
Thus the total cross-sectional area of both legs is 
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Atota1 ~ 2.087 cm2 
and the power density is 
Po 4.52 x 10-3 
.... = 2. 17 x 1 0-3 ~J! cm2 Atot .... 2.087 
The power input to the device is found from Eq. 4-35 [14] as 
q = K6T + aT I - l ! 20 H H 2 {' 
= 0.026 X 16.64 + (385 X 10-6) X 355.34 X 1.22-
1 X (1.22) 2 X 2.204 X 10-3 
= 0.6 w 
The thermal efficiency may be computed from Eq. 4-40 I14] as 
n =Po= 4.52 X 10-3 = 7.53 X 10-3 = 
t qH 0.6 0.7% 
The accuracy of these calculations is checked by comparing the 
above efficiency with the one obtained from Eq. 4-49 [14] 
n :t( max) = 
ii) Maximum Power Conditions 
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16.64 
= (1.377-1)355.34 
1 377 + 338.56 
. 355.34 
-3 
= 7.73 X 10 = 0.7% 
0.018 
= ---:-2.33 
Consider next the problem of operating this same generator 
at maximum power. Under this condition the -load resistance ha~ _ the 
same value as the internal . resistance, i.e. 
current is 
-3 
_ a6T ~ 6.41 X 10 _ I - - - - 1 .45 amp 
. mp 2R 2 X 2. 204 X 10-3 . 
The power delivered is 
The power density is 
-3 . 2 P - 6 · 38 x 10 = 3 06 x lo-3w;cm 
-A-- 2.087 . 
tot 
R ~ R thus the 
0 
Th~ generator's thermal efficiency is calculated from Eq. 4-51 [14] 
to be 
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16.64 
355.34 
( 4 ) +2 1 1 6. 64 2.582 X 10- 3 X 355.34 - 2>J55.34 
= 0.047 7 42 10-3 4.36 + 2 - 0.023 = . X 
(iii) The maximum po\AJer density: 
Consider the pbssibility of_designing the generator to yiel~ 
the maximum power ~ensity. Eq. 31 gives the area ratio which maxi-
mizes the power per total cross-sec~ional area. It is calculated as 
An Pn ~ · l . 1 -~ 
- = [-] = [-] = 0.96 Ap pp 1.2 
If y n = 1 em (with An = 1 em2 and Ln = 1 em) , then y p = 0 _
1
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~ 1.09 from Eq. 4-37 [6], and the electrical resistance is 
p p -3 -3 
n ~ 1.1 X 10 + l .2 X 10 = 2.2 X l0-3n R ::; - + = 1 l . 09 H Yn Yp 
and where the -maximum power is also the external load resistance, R0 . 
Thus the current is 
-3 
1 = a~T ~ 6.41 x 10 ~ 1.45 amp 
mpd 2R 2 X 2.204 X 10-3 
88 
The power output is 
po(mpd) 
The total cross-sectional area of the elements is 
The power density becomes 
Po(mpd) _ 4. 63 x 10~ 3 = 
Atot - 2.087 
2 
= 2.087cm 
-3 2 2.22 x 10 W/cm · 
Accordi~g to the calculation on the absorption cycle it is known 
that the work reeded by the pump is 4.76 x 10-3 Btu/Lb of LiBr. At 
state point (1), the total mass flow rate is 4~476 lb/min and the 
concentration at this state (1) is 0.515 LbliBr/Lbmix. That means 
the mass flow rate of LiBr at that point is: 
4.476 x 0.515 = 2.305 LbliBr/min 
Then the power the pump needs is: 
(4.76 x 10-3 Btu(lb of LiBr) X 2.305 LbliBrfmin 
= 0.011 Btu/min ~ 0.66 Btu/hr = 0.193W 
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So the solar cells needed to. generate eno.ugh power to drive the 
pump will be 
0.193 2 
_3 =- 87cm 2.22 X 10 
Flow 
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APPENDIX (V) 
Collector :Efficiencv Factors 
. -
1 F I = -------;-;----
UL l + -----,,:------
h1 + 1 1 
-+-
h2 hr 
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APPENDIX (VI I I) 
The h-x Chart of Lithium-Bromide Watei Solution 
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APPENDIX (IX) 
The Thermoelectric Properties of Semiconductors 
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